Natural regeneration is a critical component of forest ecosystems sustainability. Local extinction can occur without adequate regenerationor seedling recruitment prior to adult senescence. The urban and peri-urban environment is particularly challenging for recruitment. For example, although many forest species have specific requirements involving fire events, few opportunities associated with fire exist in contemporary urban and peri-urban environments. For our study species, Eucalyptus gomphocephala, en masse recruitment can occur in ashbeds following a hot fire. However, this may not occur following low-intensity, fuel reduction burns that are prescribed for many E. gomphocephala woodlands and forests. Nevertheless, ashbeds could be created by constructing and burning coarse woody debris (CWD) piles. In a series of collaborative case studies involving community groups, NGOs and Local and State Government agencies, we investigated whether seedling recruitment could be facilitated through broadcast seeding after: a) creating CWD piles prior to a low intensity, prescribed burn; b) naturally-occurring ashbeds following a hot summer wildfire; and c) creating CWD piles and then burning the piles only. We found that regeneration of this post-fire, canopy gap regenerator can be facilitated by broadcast seeding naturally occurring or created ashbeds. However, it seems that protection from seed harvesters and herbivores is vital. These case studies provide tools that can be used to preserve the natural demographics in populations with specific regeneration requirements in a range of environments by leveraging natural recruitment processes and community involvement. Importantly, it is the conservation of these urban and peri-urban ecosystems that will be vital in maintaining connection between people and the environment into the future. K. X. Ruthrof et al.
Introduction
Regeneration is necessary for sustained forest conservation. Lack of regeneration or recruitment can result in even-aged, older populations, and lead to arrested succession or local extinction if adult plants senesce before replacement (Ne'eman et al., 1999; Acacio et al., 2007) . Post-fire recruitment is vital for many serotinous species, and this ability to retain seeds in the canopy is widespread in ecosystems in Australia, South Africa (Lamont et al., 1991; Gill, 1997) , coniferous forests in California (Ne'eman et al., 1999) , and in the Middle East (Tapias et al., 2004) . However, altered fire regimes have been associated with recruitment limitation in a wide range of forest and woodland types, including temperate eucalypt woodlands (Yates and Hobbs, 1997; Yates et al., 1994) , Proteaceous shrublands, Banksia woodland and Allocasuarina shrubland in Australia (Prober and Smith, 2009) and Quercus marilandica and Q. stallata forest in the eastern deciduous forest biome of North America (DeSantis et al., 2011 ). An understanding of regeneration niche requirements is fundamental to the ongoing management of forest communities.
Contemporary urban ecosystems that have become highly fragmented can be particularly hostile to natural recruitment. Fire, for example, can become almost eliminated from fragmented systems because of the lack of continuous vegetation cover and the cessation of active fire management (Hobbs and Yates, 2003; Prober and Smith, 2009 ). In addition, the drivers of fire ignition and spread have also changed as a result of landscape fragmentation, grazing by introduced herbivores, and weed invasion, and collectively these can lead to altered fire return intervals (Yates and Hobbs, 1997; Hobbs and Yates, 2003; Prober and Smith, 2009 ). The reintroduction of ecosystem processes, such as well-planned prescribed fire, could facilitate natural regeneration. However, treatment with low intensity surface fires aimed at fuel reduction may be inadequate in time and space to facilitate recruitment of some species (Ruthrof et al., 2013b) . For example, low intensity surface fires under prescribed conditions may be inadequate for those species requiring ashbeds (sometimes called turkey heaps or slash piles), which are only created through high intensity soil heating (Burrows et al., 1990) . Artificially creating ashbeds, though manual concentration of coarse woody debris prior to prescribed burns, represents one silvicultural method for facilitating recruitment.
The aim of this study was to examine a range of inexpensive methods for facilitating regeneration of a key canopy species, Eucalyptus gomphocephala, DC., which requires ashbeds for successful recruitment. One critical objective of this work was to involve and gain assistance from community groups, Local and State Government agencies in order to facilitate adoption. Our series of case studies investigated whether regeneration could be facilitated through broadcast seeding after: a) the creation of coarse woody debris (CWD) piles prior to a low intensity, prescribed burn; b) naturally-occurring ashbeds following a hot summer wildfire; and c) creating CWD piles and then burning the piles only.
Materials and Methods

Study Species and Region
Eucalyptus gomphocephala (tuart) is a dominant or co-dominant woodland and forest canopy tree endemic to southwestern Australia. Eucalyptus gomphocephala woodlands provide important landscape, cultural, social and economic values. Since settlement, approximately65% of these woodlands have been lost to clearing for urbanisation and agriculture (TRG, 2002) . In addition to this, many of these woodlands and forests have failed to regenerate for many decades which is concerning to many conservationists, managers and researchers. Eucalyptus gomphocephala has life history characteristics similar to other temperate eucalypts . It is a post-fire, canopy gap regenerator, with en masse recruitment occurring in cohorts onashbeds following fire, serotinous seed fall, satiation of seed predators (such as ants), and the creation of a transient soil seed bank lasting 6 -12 months (Ruthrof et al., 2002) .
The study region is characterised by a Mediterranean climate with hot dry summers and mild wet winters.
Most (80%) of rainfall falls between May and September. The study sites occur on the Spearwood Dune System of the Swan Coastal Plain, with variable depths of siliceous, brown and yellow leached yellow sands (McArthur and Bettenay, 1974) .
Study Sites and Experimental Design
Creation of Coarse Woody Debris (CWD) Piles Prior to a Low Intensity, Prescribed Burn
Paganoni Swamp (32˚26'40.22''S, 115˚47'15.80''E) (Paganoni) is a 700 ha, high quality Eucalyptus-Banksia-Allocasuarina woodland located 53 km SSW of Perth, in southwestern Australia. This woodland contains a large and significant population of Eucalyptus gomphocephala but regeneration is sparse and inadequate for sustaining the woodland structure. A low intensity, prescribed burn was planned by the State Government environmental agency (Department of Parks and Wildlife-DPaW) in May 2011. The prescribed burn was used as an opportunity to explore methods of facilitating regeneration of E. gomphocephala. Twelve CWD piles were created prior to the prescribed burn. Given that machinery was not permitted in Paganoni, ashbeds were be created by hand by collecting coarse woody debris (CWD) (~1 cm -20 cm width), and placing it into 5 m × 5 m (× 1.0 m high) marked plots within canopy gaps. A local community group (the Friends of Paganoni Swamp), DPaW, a state-funded unemployment group (Now Green Team) and a number of students were involved in creating the CWD piles over two days. Broadcast seeding (plus chaff) of E. gomphocephala was carried out at typical eucalypt forestry quantities (~150,000 seeds/ha) following the prescribed burn (May 2011) as soon as the ashbeds were cool (late May 2011). Seeds were available for the three case studies through a community outreach seed collection program which is run by the authors collaboratively with local government agencies (the City of Mandurah and the City of Rockingham). Plots were monitored at 4 and 16 months for the presence of E. gomphocephala seedlings. Other information noted at the sites included the number of ant middens in 5 m × 5 m plots on, and adjacent to, each ashbed.
Naturally Occurring Ashbeds Following a Hot Summer Wildfire
Rockingham Lake Regional Park (32˚16'41.96''S, 115˚46'33.78''E) (Dixon Road) is a 4270 ha peri-urban Eucalyptus-Melaleuca dominated reserve, located 37 km SSW of Perth, in southwestern Australia. A hot summer wildfire occurred in January 2013. Usually, the timing of this fire would be suitable for recruitment of E. gomphocephala seeds, as any serotinous seeds would fall in January and would last 6 -12 months in a temporary soil seed reserve (Ruthrof et al., 2002) , in time for the winter rains to being in May. However, the population of E. gomphocephala in this woodland suffered a severe and sudden dieback event coinciding with extreme drought and heat conditions in early 2011 (Matusick et al., 2012 ) and thus did not have a serotinous seed store. The wildfire was seen as an opportunity to facilitate regeneration using collected seed. A local community group (Friends of Paganoni Swamp) and the Local Government agency (the City of Rockingham) were involved in locating and seeding ashbeds in April 2013. A number of relatively small (size ~7 m 2 ) ashbeds were found and their location noted using a GPS (Garmin). Each ashbed was raked, broadcast seeded with E. gomphocephala seeds (+chaff), and then lightly raked again to protect seeds from seed harvesters. Ashbeds (n = 23) were revisited after two and 16 months to monitor seedling emergence and survival.
Creating Coarse Woody Debris Piles and Then Burning the Piles Only
Yalgorup National Park (32˚42'47.43''S, 115˚37'55.56''E) is a Eucalyptus-Banksia-Melaleuca mixed woodland and heath of 12,000 ha located 87 km SSW of Perth, in southwestern Australia. Certain parts of the National Park are highly degraded from historical cattle grazing and were highlighted for revegetation by an NGO in the region, The Peel Harvey Catchment Council. In May 2013, as part of this revegetation program, approximately 40 CWD piles (6 m × 6 m × 1 m high) were created (~1 cm -30 cm in width) by hand and machinery, then burnt and seeded with E. gomphocephala seeds (plus chaff) in June 2013as soon as ashbeds were cool. This was undertaken with the assistance of the Local Government agency (the City of Mandurah), the State Government environmental agency (DPaW), university students and a local community group (the Friends of Island Point). Nine ashbeds were monitored for seedling emergence and survival at 6 and 15 months.
Results
At Paganoni, successful E. gomphocephala germination was recorded in the ashbeds that were created during the prescribed burn (Figure 1) . However, there were few survivors after 16 months. There were significantly more ant middens on ashbeds than in adjacent control plots of equal size (mean 2.2 ± 0.5 SE and 0.3 ± 0.2, respectively). At Dixon Road, following the wildfire, successful seedling germination was also recorded, however, this number declined substantially by 16 months. Rabbit herbivory of several seedlings was noted. At Yalgorup, the created ashbeds contained a higher number of seedlings, relative to the other two trails, and maintained this number over time.
Discussion
This study has shown that regeneration of this post-fire, canopy gap regenerator can be facilitated by broadcast seeding into naturally occurring or created ashbeds. Mass regeneration of E. gomphocephala in ashbeds has been noted previously following wildfires; for example, in Yalgorup National Park, a summer wildfire in 1996 led to 0.33 seedlings/m 2 in 1998 and this level was maintained till 2003 at 0.31 seedlings/m 2 (Ruthrof, 2003) . High densities of seedlings have also been recorded on created ashbeds in Ludlow Tuart Forest (3 to 28/m 2 , mean of 11.5 ± 3.1/m 2 Ruthrof, unpub. results). However, in these studies, the seed originated from the extant canopy. This is the first study to treat a variety of ashbed types with seed.
The ashbed effect on the regeneration and growth of many species of Eucalyptus has long been recognized (Burrows et al., 1990) . Ashton (1956) and Grose (1960) have shown that E. regnans regenerates naturally only after a major disturbance such as fire and Burrows et al. (1990) demonstrated that E. wandoo regeneration can be successfully obtained on ashbeds using serotinous seed and result in high densities (14 -17 seedlings/m 2 at six months after fire and 5 -10/m 2 at 14 months after fire). These are similar numbers to those seen in E. gomphocephala in the current study in Yalgorup. Ashbeds increase the success of regeneration through firstly, increasing the available N and P (Humphreys and Lambert, 1965) . Secondly, fire can destroy biological opposition to recruitment, such as soil-litter microorganisms, pathogens and herbivores (Renbuss et al., 1973) . Thirdly, fire reduces bulk density, increases water infiltration and increases water availability (Hatch, 1960; Ruthrof et al., 2013a) . Fourthly, it removes competition from surrounding vegetation for limited resources such a light, nutrients and water (Wellington and Noble, 1985) . Fifthly, (Loneragan and Loneragan, 1964) suggested possible mycorrhizal symbiosis in seedlings growing on ashbeds. Together, these factors can result in the mass recruitment of seedlings on ashbeds and sparse recruitment off ashbeds (Burrows et al., 1990 ).
In the current study, regeneration density in Yalgorup was maintained at high levels for the course of the study compared with the other sites. One reason for this could be the amount and size of material used to construct the CWD piles. This was larger than in Paganoni as machinery such as tractors and chainsaws were permitted at Yalgorup. Combustion of larger CWD would provide sufficiently long duration of high temperatures to cause the physical and chemical changes needed for ashbed creation (Burrows et al., 1990) . The minimum size and temperature of ashbed creation requires further work in this restoration context. Regardless, the ashbed creation activity and study was deemed so successful that the NGO involved created a training video to assist other groups and agencies in creating ashbeds. It is a freely available You Tube video: https://www.youtube.com/watch?v=IFBeuzrojso&feature=c4-overview&list=UUTFgDmpoxSTT_0LdbO8CP3g There are a number of factors that could have influenced the low numbers of recruited seedlings at Paganoni and Dixon Road. At Paganoni, there were significantly more ant middens recorded on ashbeds than off the ashbeds. Ants are perhaps attracted to the ashbeds because of ease of movement across a simplified landscape caused by the elimination of litter, the changes in food and shelter availability, changes in environmental conditions and altered litter (Andersen, 1988) , or perhaps because the bulk density in these areas is lower (Ruthrof et al., 2013a) and it is thus easier to build middens. Ants are known as one of the most significant post-dispersal seed harvesters in eucalypt communities, often removing large quantities of seed from the ground (Ashton, 1979; Andersen and Ashton, 1985; Yates et al., 1995) seed harvesters of E. gomphocephala (Ruthrof et al., 2002) . Given the potential for ants to reduce seeds from entering the recruitment pool, and following the low levels of seedling establishment at Paganoni, seed is now lightly raked following broadcast seeding into ashbeds to protect seeds from seed harvesters.
Recruitment could have been low at both Paganoni and Dixon Road due to grazing by herbivores. In this case, invasive rabbits were suspected as some seedlings were grazed. Grazing by the introduced rabbit has been shown to be a major degrading force in Australian ecosystems (Yates et al., 2000) and one of the biggest threats to regeneration in temperate eucalypt communities (Yates and Hobbs, 1997) and in urban ecosystems (Ruthrof et al., 2013b; Standish et al., 2012; Close et al., 2009) . Although the cost of herbivore baiting or fencing is considerably high, failure to control these may jeopardize the success of restoration projects (Yates et al., 2000) and will need to be addressed to reduce this pressure in the future.
This project also demonstrated that a collaborative, multi-agency and community project can be successful in terms of developing connections between groups and developing positive outcomes for urban and peri-urban ecosystems. The commitment to, and success of, restoration projects could be enhanced through the development of a beneficial relationship between humans and the natural environment (Geist and Galatowitsch, 1999) . The community benefits from being involved with restoration projects through, amongst other things, developing community spirit, improving agency-community relations (Ryan and Hamin, 2008) and providing psychological and physiological benefits (Geist and Galatowitsch, 1999) . The project sites benefit from the participation of hard working, enthusiastic people with a depth of local knowledge, experience and a sense of stewardship that can drive the sustained support for longer-term projects (Ruthrof and Valentine, 2010) .
Conclusion
Long term persistence of woodlands and forests is threatened by a lack of regeneration. Our study has shown that regeneration of this post-fire, canopy gap regenerator can be facilitated by broadcast seeding naturally occurring or created ashbeds. Protection from seed harvesters and herbivores is vital. An understanding of the regeneration niche helps increase success. We have provided inexpensive tools to preserve these post-fire regenerating populations in urban and peri-urban environments and shown that this can be carried out collaboratively with State and Local Government agencies, NGOs, community groups and private landowners. It is the conservation of these urban and peri-urban ecosystems that will be vital in maintaining connection between people and the environment into the future.
